Abnormal functional brain connectivity is a candidate factor in developmental brain disorders associated with cognitive dysfunction. We analyzed a substantial (10 min per subject) record of dense array electroencephalography with spectral power and coherence methods in attention-deficit hyperactivity disorder (ADHD) (n 5 42) and control (n 5 21) 10-to 13-year-old children. We found topographically distinct narrow band coherence differences between subject groups: ADHD subjects showed elevated coherence in the lower alpha (8 Hz) band and reduced coherence in the upper alpha (10--11 Hz) band. The 8-Hz ADHD elevation and a 2-to 6-Hz control group coherence elevation were independent of stimulus presentation. In response to visual stimulation, the ADHD group exhibited reduced evoked potential power and elevated frontal coherence. Only the upper alpha band control group coherence elevation discriminated according to ADHD group medication status. The findings suggest a static state of deficient connectivity in ADHD and a stimulus-induced state of overconnectivity within and between frontal hemispheres.
Introduction
Attention-deficit hyperactivity disorder (ADHD) is one of the most prevalent disorders of childhood, with an estimated lifetime recognition rate of 7.8% in children aged 4--17 years in the United States of America (Center for Disease Control and Prevention 2005) . ADHD is characterized by developmentally inappropriate inattention, motor overactivity, and impulsiveness. Differences in distributed cortical and subcortical networks that support basic cognitive functions (such as attention, motor control, and self-regulation) have been proposed as a neural basis for ADHD (Castellanos 1997; Swanson et al. 1998; Solanto 2002) . The major substrate of anatomical connectivity among cortical regions is an extensive system of white matter fibers, composing about half of the brain's overall volume, that continue to mature throughout normal childhood, adolescence, and early adulthood (Paus et al. 1999 (Paus et al. , 2001 . Reduced volumes of within-hemisphere (corticocortical) and callosal white matter have been noted in ADHD (Hynd et al. 1991; Giedd et al. 1994; Semrud-Clikeman et al. 1994; Baumgardner et al. 1996; Filipek, et al. 1997; Castellanos et al. 2002; Durston et al. 2004 ). This suggests the possibility that the symptoms of ADHD may be related to impaired interactions within brain networks, rather than impaired function of specialized cortical regions.
Functional connectivity in brain networks is typically inferred from statistical relationships found between neurophysiological signals measured from spatially separated neuronal regions (Lehmann et al. 1987; Friston 1994; Bressler 1995; Nunez 1995; Varela et al. 2001) . Electroencephalography (EEG) is a noninvasive neuroimaging technology particularly well suited to pediatric subject groups. Cortical neural populations that exhibit a high degree of oscillatory synchrony over relatively large areas (on the order of at least 100--1000 mm 2 ) can generate electrical potentials that are measurable with electrodes placed on the scalp (Lopes da Silva and Pfurtsceller 1999; Nunez and Srinivasan 2006) . The levels of synchronization among such neural populations distributed across different parts of the brain can be estimated from EEG recordings via coherence measurements. Coherence is a squared correlation coefficient that provides a measure of the linearity of the relationship between 2 EEG electrodes at one frequency. High coherence between 2 EEG signals indicates the contribution of synchronized neuronal oscillations to each electrode, suggesting functional integration between neural populations, whereas low coherence suggests functional segregation. EEG coherence is primarily a measure of phase correlation and is believed to reflect functional cortical connectivity on a centimeter scale (Srinivasan et al. 1998; Nunez and Srinivasan 2006) either directly via corticocortical fiber systems or indirectly through networks that include other cortical or subcortical structures.
In humans, the development of EEG coherence from birth into adulthood has been studied in detail by Thatcher and colleagues (Thatcher et al. 1986 (Thatcher et al. , 1987 Thatcher 1994) , who demonstrated maturational changes in patterns of coherence that overlap stages of cognitive development. In studies of EEG coherence with pediatric populations, pathology associated with cognitive dysfunction has been associated with increased coherence, suggesting impaired functional segregation of neuronal populations. Increased coherence has been observed within healthy low IQ and low academic achievement subject groups (Thatcher et al. 1983) , and coherence elevations among ADHD subjects in the eyes-closed resting state have been observed (Montagu 1975; Barry et al. 2002) .
Three technical issues limit the interpretation of many previously published pediatric studies employing coherence methods:
1. Reports of coherence values averaged over broad frequency bands, for example, alpha across 8--12 Hz, provide only coarse frequency resolution and risk that frequency-specific effects within bands may cancel out or otherwise go undetected (Nunez 1995; Klimesch 1999) . Cognitive studies have illustrated robust functional distinctions between lower (8--10 Hz) and upper (11--12 Hz) alpha bands in a number of tasks, including attention and working memory (Klimesch et al. 2000; Nunez et al. 2001; Ding et al. 2006 ). In many of these studies, power and coherence in the lower and upper alpha bands are modulated in opposite directions. Human alpha and theta bands appear to include many rhythms with distinct spatial and functional properties that can only be effectively characterized with narrow frequency bands (Nunez et al. 2001; Nunez and Srinivasan 2006) . 2. Volume conduction (the passive flow of current across the scalp, skull, and cerebrospinal fluid) strongly influences scalp potential EEG coherence (Srinivasan et al. 1998; Nunez and Srinivasan 2006) . Volume conduction has been shown in electrical models of the head to introduce artificial coherence between electrodes separated by less than 10--12 cm (Srinivasan et al. 1998 ). Thus, EEG potential coherence measurements are only meaningful for widely spaced electrode pairs. 3. Any choice of reference electrode placement distributes the signal at the reference site throughout the array of electrodes (Andrew and Pfurtscheller 1996; Srinivasan et al. 1998) .
Most previous pediatric studies of EEG coherence use either 1 ear potential or the average of 2 ear potentials as a reference. Either choice confounds coherence estimates by redistributing the potentials at the reference site (Srinivasan et al. 1998; Nunez and Srinivasan 2006) . We have demonstrated that using a high density of recording electrodes, EEG coherence estimates obtained using the average reference provide a reasonable estimate of the coherence of scalp potentials without contamination by reference electrode effects. Using this information, Srinivasan (1999) differentiated genuine spatial correlations from volume conduction and reference electrode effects and found cortical areas contributing to the alpha rhythm to be far more weakly correlated with each other in preadolescent children than in adults.
In this study, we make use of this approach to investigate functional connectivity of the brains of ADHD and typical children using high-density EEG coherence. We presented ADHD and control children with visual stimulation typical of cognitive experiments, within the context of task demands. We examined coherence only among long-range electrode pairs to characterize genuine spatial correlations free of volume conduction confounds. We characterized the narrow band power and coherence of EEG signals resulting from processes in the eyes-open attentive state, when subjects were alert and expecting a stimulus. In the interval following the stimulus, we examined modulation of EEG power and coherence by the visual stimulation, and the extent to which that modulation differed between ADHD and typically developing children.
Methods

Subjects
Twenty-one (17 males, 4 females) typically developing control children and 42 (34 males, 8 females) children with ADHD ranging in age from 10 to 13 years (mean age of control children was 134 months and of ADHD was 141 months) participated. Two additional ADHD subjects were not included in the present analysis; one could not remain still enough for EEG recording, the other due to software error. This study was conducted at the University of California, Irvine, 1 of the 6 sites of the Multimodal Treatment Study of Children with ADHD (MTA) (MTA Group 1999) . This study was conducted approximately 3 years after the initiation of the MTA. Control subjects were recruited from classrooms in the same schools and grades of the ADHD children. Written consent of parents and assent of children was obtained to undergo 2 days of neuropsychological assessment and EEG recordings.
Inclusion criteria for clinical subjects included a Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) diagnosis of ADHD combined type, including the endorsement of at least 6 of 9 symptoms of inattention and 6 of 9 symptoms of hyperactivity/impulsivity. All subjects were evaluated on entry into the MTA with an assessment battery (Hinshaw et al. 1997; MTA Group 1999 , 2004 , which included the diagnostic interview schedule for children (DISC) to evaluate DSM-IV criteria for ADHD and other disorders and Swanson Nolan and Pelham (SNAP) rating scale to measure the severity of ADHD symptoms (Swanson 1995) . All the ADHD subjects and none of the control subjects met DISC criteria for ADHD combined type. Subjects were free of other child psychiatric diagnoses as measured by the DISC. Average SNAP ratings per item above 2.0 are considered severe and below 1.0 considered within the normal range. The ADHD group had higher average SNAP symptom ratings than controls for parent ratings of inattention (2.27 vs. 0.43) and hyperactivity/impulsivity (2.07 vs. 0.21). School-teacher ratings also verified symptom severity of inattention (2.32 vs. 0.65) and hyperactivity/impulsivity (2.0 vs. 0.35). Twenty-three children in the ADHD group were being treated with medication during the time in which they participated in this study, which was determined partially by the assigned treatment in the 14-month randomized clinical trial (which included stimulant medication for half the subjects) and partially by decision to stop or start medication during the subsequent naturalistic follow-up phase of the MTA. Of these, 19 were treated with stimulant formulations including methylphenidate (MPH) (16), mixed amphetamine salts (1), dextroamphetamine (1), and pemoline (1). Four other ADHD participants were treated with other psychotropics (bupropion HCl, buspirone, nortriptyline, and risperidone). The medication status of 2 ADHD participants could not be confirmed. All subjects refrained from medication for at least 24 h prior to assessment, longer than the serum and behavioral half-lives of stimulant medications (Swanson et. al 1995) . Our control group was slightly but not significantly younger (134.3 months) than the unmedicated ADHD (140.5 months) group and significantly younger (P < 0.01) than the medicated ADHD (143.6 months) group. Details of demographics, ADHD symptoms, and psychometric test scores of both groups have been previously reported (Swanson et al. 2000) .
Stimuli
Subjects were visually presented with single words in a task designed to investigate brain processes involved in word processing (Raichle 1994; Abdullaev and Posner 1998) . This task was originally designed to differentiate brain processes involved in verbal word generation, as compared with a baseline verbal word repetition condition. In this study, we averaged over both trial conditions in order to maximize the number of trials available for analysis. The present data set consisted of an average of more than 300 stimulus presentations per subject.
The stimuli employed here were nearly identical to those employed by Abdullaev and Posner (1998) . Stimuli consisted of 100 common nouns. Trials were initiated with the presentation of a small foveal fixation point, which remained on screen for 1 s before stimulus onset. Stimuli remained on screen for 195 ms and were replaced by fixation point for 805 ms. A response prompt (?) then appeared cueing the subject to make a verbal response to the stimulus presented 1 s before. Thus, 2 one-second segments were available for analysis: an alert interval in which subjects anticipated stimulus presentation and a stimulus interval in which subjects viewed stimuli and prepared a response. EEG following the response prompt was contaminated with movement artifact and not used in this analysis. A random interval between 2 and 5 s separated trials. Each word was presented once within a block, with all 100 nouns presented twice in 2 separate blocks. In the first block, subjects were instructed to repeat aloud the words they saw presented on the video screen. In the second block, the subjects saw the same words (in a different random order) and were instructed to say aloud a use for each word. For example, in response to the word ''hammer,'' the subject might say ''pound''; in response to ''broom,'' ''sweep.'' Words ranged from 3 to 7 characters and subtended a horizontal visual angle ranging from 2.4°to 3.0°and a vertical angle of approximately 0.7°.
Words were displayed in black lowercase letters presented against a white background.
EEG Acquisition
EEG was recorded from 128 electrodes using the Geodesic Sensor Net (Electrical Geodesics, Eugene, OR). Impedances were <50 kOhm. EEG was recorded with reference to the vertex (Cz) electrode, amplified, and analog filtered (elliptical) between 0.1 and 50 Hz. Signals were digitized at 250 samples/second. Electrode application and experimental procedures were well tolerated by all subjects. Recordings were carried out in an electrically shielded, sound attenuated booth. Subjects were instructed to refrain from movement, were monitored for eye and head movements via video camera, and were reminded as necessary to remain still.
EEG data were manually edited to remove segments with artifact due to ocular noise or motion, and to reject electrodes with a preponderance of noise resulting from poor electrode contact with the scalp. Twenty electrodes, primarily on the outer ring of the electrode array, were eliminated from the study due to excessive artifact. Additionally, an amplitude thresholding criterion was applied to reject electrodes that exceeded ±150 mV during a trial, and if any given electrode was rejected in more than 25% of trials, it was eliminated entirely for that subject. Averaged power spectra for each subject were visually inspected at all electrodes and trials for artifact contamination. The average number of included trials for the control group was 326 (out of an average 351 trials presented) and for the ADHD group 316 (of 355).
At each time point, the potentials at each electrode were rereferenced to the instantaneous average of all electrodes, yielding average referenced potentials. The average reference is a reasonable estimate of reference-independent potentials when the number of electrodes is adequate, and superior and inferior surfaces of the head are sampled (Bertrand et al. 1985) .
Power Spectrum Analysis
The time series data were segmented into 1-s epochs corresponding to the alert and stimulus intervals and liner trends removed. Epochs were Fourier transformed using the fast (FFT) algorithm (MATLAB). Fourier coefficients F mq ( f ) were calculated using 1-s epochs (Df = 1 Hz) at each electrode m, for each epoch q, and frequency f between 2 and 50 Hz.
Because the alert interval began with the visual presentation of a fixation point and the stimulus interval began with the presentation of a word, nonstationarities were present in the EEG time series. The evoked potential (EP) constitutes a nonstationary mean value, which must be removed to obtain meaningful measures of power and coherence (Bendat and Piersol 2001) . The average phase locked or EP power spectrum P EP is taken from the complex valued mean over Q epochs:
where
A factor of 2 accounts for negative frequencies. The power spectrum is calculated by subtracting the complex average F EP from each epoch:
Coherence Spectrum Analysis The coherence between 2 signals is a correlation coefficient (squared) that measures the phase consistency of the 2 signals as a function of frequency. Coherence at a given frequency measures the fraction of variance in EEG record at a given electrode that has amplitude and phase predicted by the other electrode, across recording epochs. To obtain the coherence c 2 mn between 2 electrodes m and n across Q epochs, the average cross spectrum C mn at each frequency f is computed from the Fourier coefficients of each EEG record, after removing the nonstationary mean values:
where * indicates complex conjugation. The cross spectrum is squared and normalized by the average residual power spectrum of the individual electrodes to obtain the coherence c 2 mn ; which is highly sensitive to the consistency of the phase difference between the recordings (Bendat and Piersol 2001) :
Note that the form of this equation closely resembles that of a squared correlation coefficient, in which the cross spectrum is analogous to covariance and the power spectrum is analogous to variance. At frequency f, a coherence value of 1 indicates that the 2 EEG records maintain the same phase difference on every epoch, whereas a coherence value near 0 indicates that the phase difference is random from epoch to epoch. Because electrode pairs spaced close together are subject to significant volume conduction effects (Srinivasan et al. 1998 ), we focused analysis on the 4107 electrode pairs spaced further than 10 cm apart from one another. The statistical error in coherence estimates depends on both the coherence of the stochastic neural activity and the number of epochs used in the coherence estimate. Our coherence estimates are based on more than 300 epochs, well above the minimum of 40 epochs apparently required to obtain reasonable coherence estimates (Nunez and Srinivasan 2006) .
Contrasts of Interest
We tested for group differences in the power and coherence measurements described above, at all frequencies and scalp electrode locations. We evaluated differences in control (n = 21) versus ADHD (n = 42) groups using the t-statistic
for all electrodes (power) and electrode pairs (coherence), at each frequency. We also grouped ADHD subjects by medication status (with MPH, or not) and computed t-statistics for control versus ADHD children being treated with MPH formulations (n = 16), for control versus ADHD children not being treated with any drug (n = 17), and for medicated versus unmedicated ADHD children.
Statistical Methods
We tested each t-statistic against bootstrap estimates of the t-statistic distribution, instead of against an assumed normal distribution. This nonparametric bootstrap method is robust in the face of unequal sample sizes and outlier subjects (Efron and Tibshirani 1993) . The bootstrap technique involved resampling the subject data to obtain a distribution of average differences for the null hypothesis that the 2 subject groups contrasted were drawn from the same distribution. We sampled 2000 draws of randomly selected subjects (with replacement) to form ''groups'' and calculated the t-statistic for each measure (power or coherence) at each electrode (or electrode pair). These distributions were used to estimate the probability (P value) that our observed tstatistics could be obtained by chance if our 2 groups were in fact drawn from the same population. In other words, we established a 95% confidence interval for the power and coherence differences observed between randomly selected groups and tested our observed group differences against this distribution.
Multiple Comparisons
To address the multiple comparison problem imposed by recording from large numbers of electrodes (for power) and electrode pairs (for coherence), we calculated 2-tailed tests for group at the P < 0.05 level and examined whether 5% of the contrasts across frequencies and electrodes (or electrode pairs) are significant. Figure 1A show the proportion of significant effects found across all these tests and measures, as a function of frequency. Summing across all tests and measures, the proportion of significant effects meets the 5% criterion over a broad (2--20 Hz) range. Figure 1B --D show the proportion of significant effects we found separately for each measure (power, EP power, and coherence), summed across all tests, as a function of the number of frequencies tested. We find that coherence and EP effects meet the 5% criterion over a broad (2--20 Hz) range, but power effects do not. Thus, our evidence for power differences is weaker, and as a consequence, we have emphasized coherence and the EP in this paper.
The group differences we observed were typically distributed over narrow frequency bands that were identifiable as distinct peaks in the power and coherence spectra. Power and coherence differences that met our significance criterion were invariably spatially consistent, with effects spread across adjacent scalp regions. We adopted a criterion of accepting any particular frequency as significant if more than 5% of the electrodes or electrode pairs in the array showed differences that exceeded the 95% confidence interval.
Results
Power Spectrum Reflects Normal Features of the EEG Power and coherence spectra in the 2-to 50-Hz range in both ADHD and control subjects reflected normal features of the EEG, including alpha band peaks that desynchronized upon visual stimulation. In the alert interval, 5-Hz power was significantly lower in the ADHD group at 10% of electrode pairs located over predominantly central and temporal scalp regions. In the stimulus interval, 20% of electrodes reached significance at 5 Hz; these included the same sensors as the alert interval and additional sensors extending anteriorly toward frontal and central regions (from Cz to FC3/FCz/FC4). 
Elevated Control Group EP Power
The EP strongly differentiated groups, with the ADHD group presenting smaller potentials. Although EPs are usually contrasted at specific latencies in the time domain (Fig. 2a) , our main analyses were based on frequency domain measures of power and coherence and we therefore examined the spectrum of the EP (Fig. 2b) . At no frequency did the EP of the ADHD group exceeds controls. Statistical results are presented as estimated P values for the EP power difference between ADHD and controls (Fig. 2c) . Topographies of the EP at frequencies that most strongly differentiated subject groups are shown in Figure 2 , with significant (P < 0.05, 2 tailed) electrodes marked. At 3 Hz, 30% of electrodes reached statistical criterion. These were located bilaterally in frontal and central regions and in left hemisphere occipital and parietal regions. At 4 and 5 Hz, 39% and 44% of electrodes reached criterion, respectively, located bilaterally over frontal, central, parietal, and occipital regions. At 11 Hz, 11% of electrodes reached criterion, located primarily over left hemisphere central and parietal regions.
EP Effects by Medication Status
Tested against each other, unmedicated ADHD group EP power exceeded medicated ADHD group power at 4 Hz in 12.8% of electrodes and 7 Hz in 9.2% of electrodes. These differences were located in prefrontal and frontal regions. Medicated ADHD group EP power exceeded unmedicated only at 2 Hz in 13.7% of electrodes, located over bilateral frontal and left occipital scalp regions.
Coherence Spectra
In the alert interval, summation across both tails of the t-statistic differentiated groups (at 2 Hz, 7.4% of electrode pairs; at 3 Hz, 5.1%; 4 Hz, 6.9%; 5 Hz, 8.8%; 6 Hz, 5.9%; 7 Hz, 5.8%; 8 Hz, 12.1%; 9 Hz, 2.7%; 10 Hz, 8.3%; 11 Hz, 9.7%; at and above 12 Hz, <5%). In the stimulus interval, larger group differences were present than in the alert interval below 8 Hz (at 2 Hz, 8.8% of electrode pairs differentiated groups; at 3 Hz, 11.7%; 4 Hz, 10.8%; 5 Hz, 11.4%; 6 Hz, 7%; 7 Hz, 7.8%; 8 Hz, 7.2%; 9 Hz, 2.6%; 10 Hz, 3.9%, 11 Hz, 5.1%; at and above 12 Hz, <5%). Supplementary Figures 1  and 2 illustrate the topographies of significant coherence differences for each frequency between 2 and 12 Hz (in 1-Hz steps), for both the alert and stimulus intervals.
We visually inspected significant channel pairs at each frequency for both tails of the t distribution and identified 4 distinct spatial patterns that differentiated groups. We describe these patterns below, illustrating each with a topographic plot of a representative frequency showing the spatial distribution of electrode pairs that significantly differentiated groups. Example coherence spectra reflect electrode pairs from scalp regions showing the greatest number of significant effects at that frequency and represent the dominant coherence differences between groups.
ADHD Coherence Is Elevated in the Lower Alpha Band (8 Hz)
In the alert interval, ADHD coherences exceeded control coherences in the lower alpha band at 8 Hz (11.4% of electrode pairs), primarily among parietal--frontal and prefrontal--parietal electrode pairs. In the stimulus interval, 8-Hz ADHD coherences were elevated relative to control coherences with the same topography, but reached significance at fewer electrode pairs (6.8%). Significant channel pairs included interhemispheric and intrahemispheric anterior--posterior pairs and interhemispheric frontal pairs. In both intervals, the majority of significant electrode pairs were located close to the midline. Average spectra among electrode pairs spanning frontal/prefrontal and parietal regions showed the control group peaking narrowly at 10 Hz in both the alert and stimulus intervals, whereas the ADHD group peaked broadly across 8--10 Hz.
The topography of 8-Hz ADHD group coherence elevations in the alert interval is illustrated in Figure 3 (upper left). At 8 Hz, 33% of significant ADHD group elevations included frontal electrodes, 15% involved prefrontal, 8% central, 7% temporal, 22% parietal, 5% occipital, and 10% included midline electrodes. In all, 51% of the 8-Hz elevations were observed between hemispheres, 30% were within the right hemisphere, and 19% were within the left hemisphere.
Control Coherence Is Elevated in the Upper Alpha
Band (10--11 Hz) Control group coherences were elevated in the alert interval in the upper alpha band at 10 Hz (8.1% of electrode pairs) and 11 Hz (8.9%). These elevations were predominantly interhemispheric, spanning prefrontal with contralateral anterior temporal, central, midline, and parietal electrode pairs and among temporal with contralateral central and parietal electrode pairs. Significant intrahemispheric electrode pairs involved prefrontal and frontal electrodes with central, temporal, and parietal electrodes in both hemispheres and with occipital electrodes in the right hemisphere. Channel pairs differentiating groups were situated laterally, away from the midline. Average spectra among electrode pairs spanning anterior temporal and parietal regions showed both the control and ADHD groups peaking narrowly at 10 Hz in alert and stimulus intervals, with smaller magnitudes evident in the ADHD group. In the stimulus interval, the 10-to 11-Hz control group coherence elevation was significant at fewer electrode pairs and did not meet significance criterion.
The topography of the control group coherence elevations at 10 Hz in the alert interval is illustrated in Figure 3 (upper right). At 10 Hz, 27% of significant control group elevations included prefrontal electrodes, 15% involved frontal, 14% central, 23% temporal, 11% parietal, 6% occipital, and 4% included midline electrodes. In all, 58% of the 10 Hz elevations were observed between hemispheres, 25% were within the right hemisphere, and 17% were within the left hemisphere.
Control Coherence Is Elevated in Delta and Theta Bands (2--6 Hz) Control group coherences were elevated between 2 and 6 Hz in both the alert and stimulus intervals. These elevations were largely interhemispheric and involved connections spanning right hemisphere prefrontal and temporal electrodes with left hemisphere central, temporal, and parietal electrodes. Figure 4 illustrates the topography of control group coherence elevations at 5 Hz in the alert interval (8.7% of electrode pairs). At 5 Hz, 28% of significant control group elevations included prefrontal electrodes (18% in the right hemisphere), 8% involved frontal, 22% central (16% in the right hemisphere), 19% temporal (13% in the right hemisphere), 13% parietal, 3% occipital, and 7% included midline electrodes. In all, 51% of the 5-Hz elevations were observed between hemispheres, 26% were within the right hemisphere, and 23% were within the left hemisphere.
Stimulus Interval ADHD Coherence Is Elevated in Delta and Lower Theta Bands (2--4 Hz)
ADHD group coherences were significantly elevated in the stimulus interval among electrode pairs spanning frontal with posterior temporal and occipital regions. These elevations were largely interhemispheric among anterior and contralateral anterior pairs, with more intrahemispheric pairs evident in the left hemisphere. Figure 5 illustrates the topography of ADHD group coherence elevations at 3 Hz in the stimulus interval (5.2% of electrode pairs). At 3 Hz, 15% of significant stimulus interval ADHD group elevations included prefrontal electrodes (10% in the left hemisphere), 30% involved frontal (21% left hemisphere), 3% central, 17% temporal, 11% parietal, 15% occipital, and 9% included midline electrodes. In all, 40% of the 3-Hz elevations were observed between hemispheres, 18% were within the right hemisphere, and 42% were within the left hemisphere.
Upper Alpha Band (10--12 Hz) Coherence Depends on Medication Status
Having found robust coherence differences between control and ADHD subjects, we tested each frequency for significant group differences according to ADHD group medication status. In the alert interval, unmedicated ADHD coherences exceed the medicated ADHD group at 7 Hz in 5.4% of electrode pairs, at 10 Hz (5.5%), 11 Hz (12.3%), and 12 Hz (5.1%). In the stimulus interval, unmedicated ADHD coherences exceeded the medicated ADHD group at 10 Hz (8.5%), 11 Hz (12%), and 12 Hz (5.9%). The topography of the unmedicated ADHD group coherence elevations was consistent across the alert and stimulus intervals. In the alert interval, at 11 Hz, 15% of significant elevations included prefrontal electrodes, 19% involved frontal, 17% central, 19% temporal, 16% parietal, 7% occipital, and 7% included midline electrodes. In all, 58% of the (40), and T9 (45). Geodesic Sensor Net 10-10 electrode equivalents from Luu and Ferree (2000) .
3-Hz elevations were observed between hemispheres, 18% were within the right hemisphere, and 24% were within the left hemisphere.
Discussion
We analyzed a substantial record of dense array EEG with spectral power and coherence methods in 10-to 13-year-old combined type ADHD and typically developing control children. Averaged evoked activity and pre-and poststimulus EEG were examined in a visual stimulation paradigm typical of cognitive EP studies. We found coherence differences that were independent of stimulus presentation, with the ADHD group coherences reduced in delta, theta, and upper alpha bands and elevated in the lower alpha band. In response to visual stimuli, we observed globally reduced power and elevated frontal coherence in the ADHD group. We found coherence differences in the alpha band between medicated and unmedicated subjects.
EEG Power
Our finding of reduced ADHD group EP power in the frequency domain is consistent with previous event-related potential (ERP) studies, which have commonly found reduced ERP component amplitudes in ADHD groups . Reduced theta band power has been a frequent finding in ADHD , most typically in the eyesclosed resting state. Our subjects were in the eyes-open alert state, and we found no reduction in absolute ADHD group theta band power.
Prior Coherence Studies in ADHD Direct comparison of our findings with prior investigations is problematic because of the sparse electrode arrays, reference dependence, and wide frequency bands employed in earlier studies. However, some of our results appear broadly compatible with previous coherence studies in ADHD, which have typically been made with subjects in the eyes-closed resting state. Montagu (1975) found significantly elevated intrahemispheric and reduced interhemispheric coherences in hyperkinetic children. reported reduced parietal and increased intrahemispheric coherence in frontal and central regions in children with attention-deficit disorder. Elevated ADHD frontal coherence in the delta and theta bands has been a fairly consistent finding (Chabot and Serfontein 1996; Figure 4 . Control group coherence elevation between 2 and 6 Hz. Spectra are averages of the labeled electrode clusters, each representing averages across 9 electrode pairs. The right prefrontal cluster ''A'' is composed of electrodes near Fp1 (22, 23, 26) . The left prefrontal cluster ''B'' is composed of electrodes near Fp2 (8, 9, 14) . The right anterior temporal cluster ''C'' is composed of electrodes T8 (109), T10 (115), and FT8 (116) . The left parietal cluster ''D'' is composed of electrodes around P1 (61, 67, 54). Barry et al. 2002; Clarke et al. 2005) . We found low frequency (2--4 Hz) ADHD frontal--frontal and frontal--temporal coherence elevations in the stimulus (but not alert) interval. Disparity with these studies may be methodological: we found reduced ADHD coherence over interhemispheric central electrode pairs between 2 and 6 Hz, whereas report of Barry et al. (2002) of elevated delta and theta coherences included central, parietal, and occipital interhemispheric electrode pairs averaged together. Also inconsistent with that study is our finding of within-hemisphere low alpha (8 Hz) ADHD coherence elevations. Barry et al. (2002) reported reduced long-range ADHD intrahemispheric alpha coherences; however, they examined only frontal--occipital electrode pairs, whereas the majority of ADHD elevations we observed were frontal--parietal. Generally, our finding of contrasting coherence effects in the lower (ADHD elevated) and upper (ADHD reduced) alpha range suggests that averaging across the wide 7.5-to 12.5-Hz range may obscure narrow band effects.
Methodological Considerations
This study makes use of several methodological advances to estimate functional connectivity using EEG coherence (Srinivasan et al. 1998; Nunez and Srinivasan 2006) . Our ability to make reasonable inferences about cortical regions contributing to our results relies upon a large number of spatial measurements to enable the appropriate use of an average reference. Recordings made from sparse electrode arrays with a linked ears reference strategy limit interpretation of prior literature on EEG coherence in developmental psychopathology, including ADHD. Depending on the nature of the (unknown) signals at ''recording'' and ''reference'' sites, changes in power or phase at the reference location can easily be reflected as changes in coherence between 2 other recording electrodes. When recorded with reference to linked ears, the problem is compounded by the contribution of activity at 2 reference sites to all electrodes. Further, any differences in electrode contact impedance between the 2 reference sites in a physically linked ears recording will lead to a unknown bias in recordings to one hemisphere or the other (Nunez and Srinivasan 2006) , and this bias will inevitably differ among subjects, leading to a random reference. We have used 128 electrodes and an average reference, which is a reasonable approximation to reference-independent potentials in simulation studies of EEG coherence (Srinivasan et al. 1998 ). Coherence between closely spaced EEG electrodes is elevated even when the underlying brain sources are entirely uncorrelated (Srinivasan et al. 1998) . Moreover, increases in the strength of one cortical source region will increase coherence between 2 electrodes located within 10 cm of the source region (Nunez and Srinivasan 2006) confounding source strength with coherence. Changes in coherence among potentials recorded at interelectrode distances less than 10 cm can reflect either changes in power of one source (detected by both electrodes) or genuine changes in coherence between 2 distinct sources. Thus, we only examined all possible (4107) long-range electrode pairs in our electrode array, excluding electrode pairs that are separated by less than 10 cm. By restricting analysis to longrange electrode pairs, we avoided confounds due to volume conduction.
The present study is limited to combined type ADHD. Our findings therefore cannot be assigned either to the inattentive or hyperactive--impulsive components of the combined subtype. Because this study was conducted approximately 3 years after initial diagnosis of the children, our results are limited to children with a previous diagnosis of ADHD. Although control group participants were selected from the same classrooms as ADHD participants, controls were not matched on IQ or socioeconomic status. Because this study examined twice as many ADHD subjects than controls, it potentially has more power to pick up effects in the ADHD group than in the control group.
Anatomical Considerations
Magnetic resonance imaging studies suggest overall brain volume reductions of up to 5% in ADHD, including reduced frontal lobe (Castellanos et al. 1996 (Castellanos et al. , 2002 Filipek et al. 1997; Sowell et al. 2003) and dorsolateral prefrontal cortical volumes (Giedd et al. 2001; Sowell et al. 2003; Durston et al. 2004) . Gray matter reductions in frontal cortex and caudate nucleus have been reported (Overmeyer et al. 2001) as well as gray matter density increases in posterior aspects of the temporal lobes and inferior aspects of the parietal lobes (Sowell et al. 2003) . Cerebellar volumes appear reduced in ADHD, as are caudate nucleus and globus pallidus volumes of the basal ganglia (Hynd et al. 1993; Aylward et al. 1996; Castellanos et al. 1996; Filipek et al. 1997) . Reduced white matter volumes have been noted in right frontal (Semrud-Clikeman et al. 2000) and bilateral retrocallosal brain regions (Filipek et al. 1997) . The splenium of the corpus callosum, connecting temporal and parietal cortices, appears smaller in ADHD (Hynd et al. 1991; SemrudClikeman et al. 1994; Lyoo et al. 1996) . The rostrum, the most anterior and inferior portion of the callosum connecting frontal and prefrontal cortical hemispheres, may also appear smaller in ADHD groups (Hynd et al. 1991; Giedd et al. 1994; Baumgardner et al. 1996) .
As many of the coherence differences we found were across hemispheres, our findings may reflect differences in functional callosal connections between the 2 groups of children. In humans, EEG coherence patterns appear consistent with anatomical cortical connectivity (Tucker et al. 1986; Nunez 1995) . Reduced coherences have been observed in pathological lesions of the corpus callosum and visual cortex (Knyazeva et al. 1999; 2002) . These and other studies, reviewed by Knyazeva and Innocenti (2001) imply that corticocortical connections mediate EEG coherence. Impaired callosal connectivity in the ADHD group could account for the observation of elevated control group coherences across hemispheres in the 2--5 and 10--11 Hz. These observations are independent of stimulus presentation and may thus reflect a relatively static property of cortical connectivity. However, we also noted stimulus-induced elevated ADHD coherence in frontal--temporal and frontal--frontal electrode pairs. Neuronal interpretations of elevated coherence in psychopathology may appear paradoxical, especially when disorders appear associated with deficits in white matter. In considering abnormal cortical connectivity in schizophrenia, Innocenti et al. (2003) suggested that a partial loss of callosal axons might serve to enhance cortical connectivity, by inducing remaining axons to increase their number of boutons and/or their extent into contralateral cortex. Thus, callosally projecting neurons in one hemisphere could more powerfully control excitability of neurons in the other hemisphere. Given the intrahemispheric white matter and rostral callosal volume reductions that have been observed in ADHD, this account may also explain the elevated, stimulus-induced frontal ADHD coherences we observe at low (2--4 Hz) frequencies.
Maturation
Symptoms of ADHD have been suggested to result from a deviant process of maturation and development. The maturational lag hypothesis (El-Sayed et al. 2003) has been suggested to include delays in brain myelination, which could be reflected in EEG coherence. Our observed interhemispheric 8-Hz ADHD coherence elevation may be consistent with the maturational lag hypothesis because like power, peak coherence spectra appears to develop with age, exhibiting a gradual decrease in lower frequencies and increase in higher frequencies (Fornara et al. 1997; Marosi et al. 1997) . The 8-Hz coherence elevation was seen mostly at channel pairs located close to the midline, suggesting the possibility of elevated lower alpha range coherence representing a delayed maturation of cingulate cortex. Our control group coherence spectra exhibit a narrow peak alpha coherence at 10 Hz, whereas the ADHD group is broadly peaked between 8 and 10 Hz. This may also be consistent with a delay in development, at least among the long-range frontal--parietal regions near the midline shown in our data. Crosssectional or longitudinal studies would be necessary to confirm delays in maturation (Bresnahan et al. 1999) ; however, this speculation is apparently consistent with the study of Barry et al. (2005) of coherence development in 8-to 12-year-old ADHD and controls, which found within-hemisphere alpha band (7.5--12.5 Hz) coherence values increased with age in healthy (but not ADHD subjects) across long interelectrode distances.
Medication
Evidence from neuroimaging and psychopharmacological studies suggest that MPH, a stimulant catecholamine agonist that is the primary drug for treatment of ADHD, principally acts by modulating frontostriatal brain systems (Mehta et al. 2000) , with therapeutic effects thought to rely on its ability to block dopamine and norepinephrine transporters (Solanto 2002) . Castellanos et al. (2002) found that unmedicated ADHD patients had significantly smaller white matter volumes, compared with controls and medicated children with ADHD. Prior reports of MPH effects on EEG coherence measures have been negative. Lubar et al. (1999) found no clear coherence changes within medicated ADHD children following MPH administration, and Clarke et al. (2005) found no coherence changes in ADHD subjects before and after a 6-month MPH trial. We compared ADHD subjects medicated with MPH and unmedicated ADHD subjects and found narrow band coherences in the upper alpha (10--12 Hz) range were smaller within the medicated group. Although we note medication effects, this was not a drug study by design. The present study lacks necessary control conditions such as random assignment to medication groups, control over medication histories, dosage, and administration that would be necessary to infer mediation of coherence by MPH.
Conclusion
Anatomical and psychological evidence suggests that ADHD is characterized by reductions in regions of the corpus callosum, frontal lobes, basal ganglia, and cerebellum. These networks involve input--output processing and attention, including alerting and executive function. Consistent with neuroanatomical networks of attention, deficits in attention, information processing, alerting, orienting, and working memory may be mediated primarily in the prefrontal cortex. The present findings suggest a static state of deficient connectivity between hemispheres in ADHD and a stimulus-induced state of overconnectivity within and between frontal hemispheres. They suggest delayed maturation of key cortical (e.g., cingulate) regions may be associated with ADHD. They imply that in addition to the anatomical and neuropsychological impairments associated with frontal cortex dysfunction, altered functional connectivity, particularly among frontal regions, is implicated in ADHD.
Supplementary Material
Supplementary material can be found at: http://www.cercor. oxfordjournals.org/.
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